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Abstract 
In this paper the authors propose a novel vertical wind turbine named Bronzinus and obtained by comparisons and optimisations 
of classical Savonius rotors. We redesigned some proposed Savonius turbines using CAD software and simulated the virtual 
behaviour of rotors using CFD software. A comparison among classical turbines and our Bronzinus underlines high Cp and Ct 
values of our proposed solution. This is a first step of a research oriented to design and develop new vertical wind turbines to 
solve energy problems in Lebanon. The research is proposed by an Italian company and an Italian University in collaboration 
with private Lebanese building Constructors.  
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1. Introduction 
The energy and environmental situations of China, India and Arab Countries reflect many similarities and share 
serious common problems. In particular in the Middle East countries these include an almost total dependence on 
imported oil products as the primary energy source, rapidly growing populations that are escalating the demand for 
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energy, and only rudimentary efforts currently underway to mitigate the greenhouse and other adverse environmental 
effects of energy utilization. 
The 1975 civil war in Lebanon witnessed the gradual deterioration in quality of service and capacity of load 
supply of the public electric sector. The energy consumption among the sectors divides as 45% for the 
transportation, 25% for industry, and 30% for the residential and commercial sectors [1]. According to Lebanon’s 
Energy Inventory, as cited in [2], there have been concerted efforts spent since 1992 to rehabilitate the electricity 
sector that was seriously damaged during the war. Nevertheless, the electricity supply was rarely continuous or 
steady, and as a result the national production of electricity of Lebanon has been forced to ration the demand for 
electric energy to a relatively large degree during the past 10 years. This rationing was due to many reasons some of 
which are structural and others are circumstantial. As a result of the erratic supply of electricity and the bad quality 
of services, people had to revert to alternative power supply systems and to private electric power generators as back 
up for computers and other electronic and telecommunication equipment. This situation encouraged the development 
of an independent and parallel network of autonomous producers estimated to be around 500 MW. In 2002, they 
generated about 1000 GWh of electricity [2]. These autonomous producers are divided into 2 different groups: 
a) The first class of autonomous producers produce electricity for their own consumption (e.g., residential 
buildings, factories, commercial centres, resorts, hospitals, hotels). Some of these producers are totally disconnected 
from the national production of electricity of Lebanon grid (especially huge industries such as cement, paper and 
aluminium factories). The rate of buildings equipped with auto power generators by Mohafaza (terms used to 
indicate a governorate or district) is shown in Fig. 1. 
b) The «neighbourhood generator» producers sell electricity via an independent micro network to a certain 
number of subscribers, always at a fixed rate, without meters, but depending on the subscription capacity {example: 
a 5 Amperes (1000 VA) capacity subscriber pays an average of US$ 20 a month whether he consumes or not). About 
92% of households have access to neighbourhood generators in order to secure their minimal needs whenever there 
is a power shortage from national production of electricity of Lebanon. 
Lebanon is a highly urbanized country compared to Syria and Jordan with much smaller area and has not been 
fully engaged in pilot projects for use of renewable energy. Applications of solar energy in that region have been 
growing since 1970. Solar water heating with support of policies in Jordan has achieved measurable market 
penetration. Lebanon and Syria have not made reasonable progress in solar applications due to subsidized electricity 
supply to the end user. The technical and economic feasibility of wind energy utilization in Lebanon has not been yet 
fully explored, while it has advanced with two operating wind farms in Jordan, and one pilot wind farm in Syria [1]. 
The wind turbines design is a novel research field that seeks to exploit the knowledge of other sectors such as 
turbo machinery [3]. Big companies such as General Electric [4] or Siemens are turning to these investments for the 
production of alternative energy. Increasing interest in this area, however, does not change the methodology in 
designing turbines that always takes its cue from old solutions based on trying to optimize and combine them 
appropriately. 
In [5] Menet proposes a wind turbine obtained by overlapping two Savonius turbines. In [6], Kiozuka also 
proposes an optimisation of a Savonius turbine assembled with a Darrieus rotor. Other researches are oriented to 
optimise classical turbines, as Savonius and Darrieus, in order to obtain a complete wind turbine as for a high than 
for a low wind speed value. 
This paper shows a first step in research conducted in collaboration among an Italian Company, an Italian 
University and private Lebanese buildings Constructors. The final objective is to construct personal vertical wind 
turbines for Lebanese buildings. The authors redesign in a virtual environment wind turbines specified in the 
literature in [5] and [6] and perform a comparison between them and classic turbines [7]. In this paper the authors 
propose also a design of a novel turbine and a comparison with the other classical solutions. The proposed design is 
called Bronzinus.  
The paper is structured as follows: Section 2 describes in detail the most important concepts for wind energy 
analysis and the characteristics of the proposed solution called Bronzinus and its comparison with other turbines. 
Section 4 shows and discusses the obtained results. Finally, conclusions and future works and implementations of 
this research on Lebanese buildings are discussed. 
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Figure 1. Rate of buildings equipped with auto-power generation, in the main Lebanon Mohafaza (term used to indicate a governorate or district) 
[2]. 
2. Wind Turbines 
2.1. Wind Energy: the Betz’s theory 
The Betz’s theory, as reminded in [5], allows calculating the power that the wind transmits to a turbine rotor. 
Figure 2a shows a schema of a flow tube and the Figure 2b shows a graph of the thresholds for different wind 
turbines. The fluid in the flow tube bumps on an obstacle constituted by a plane perpendicular to the axis of a rotor 
of a wind turbine and with section A (see Figure 2a). The velocity of the fluid (v) near the plane of the rotor (section 
A) is lower respect to its velocity at the beginning of the flow tube (v1 in section A1); the behaviour of the pressure is 
the opposite. The fluid delivers energy when it passes through the A section and the pressure drops sharply, this is 
true considering the hypothesis of a plane of the rotor (with section A) with infinitesimal thickness. Thanks to ∆p a 
power is transferred to the rotor. From the section A to the section A2, the pressure increases and, in proximity of 
the section A2, it is equal to the atmospheric pressure. 
 
 
                                                            (a)                                                                                                                       (b) 
Figure 2. (a) Pressure profile along the flow tube; (b) Coefficient of power. 
The hypotheses of the Betz’s theory are the following: 
1. The fluid flow that through the section A not interacts with the other fluid flow in the tube; 
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2. The velocity is uniform in every flow tube section, perpendicular to the axis of the tube; the velocity changes 
between A1 and A2 (v1 and v2 in the Figure 2a). The rotor is schematised as a disc with infinitesimal thickness with 
section A and uniform structure; 
3. The fluid dynamic situation is not influenced by the turbine on the A1 and A2 sections; the pressure, on two 
sections, is equal to the atmospheric pressure p0=p1=p2; 
4. The rotor plane is the unique obstacle during the flow wind motion from section A1 to section A2; 
5. The wind is stationary and constant varying the altitude; 
6. The wind flow motion is straight; 
7. The compressibility of the fluid is neglected; the fluid density ρ is constant. 
 
The relationship between the extracted power and the power possessed by the flow pipe on a section equal to A, 
in the absence of the rotor, defines the coefficient of performance (or power): 
ܥ௉ ൌ
ߩܣݒଵଷʹܽሺͳ െ ܽሻଶ
ͳ
ʹ ߩݒଵଷܣ
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where: v is the fluid velocity on the plane of the rotor with section equal to A and p=p+ (p-∆p=p-, see Figure 2a) is 
the pressure on the plane of the rotor; v1 and v2 are respectively wind speeds on sections A1 and A2 of the Figure 2a; 
p0 is the atmospheric pressure and ρ is the fluid density; a is the interference factor. 
The coefficient of performance (Cp) and the interference factor (a) depend on the turbine construction mode and 
on the wind speed. The Betz’s theory neglects all phenomena of friction and turbulence induced by the rotation of 
the rotor. In a real situation, the value of the coefficient of performance (Cp) is smaller respect to ideal one. 
In following the formulas used to generate simulation graphs are shown: 
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where: 
Cp = Coefficient of power, Ct = coefficient of torque, P = Power, M = torque, ω = angular velocity, U = Speed of the 
turbine, R = radius of the rotor, D = diameter, A = section of the rotor, ρ = fluid density, v = speed of the wind. 
2.2. Savonius & Bronzinus 
The Savonius rotor [7] is a very simple concept which has often been constructed, and used successfully, from oil 
drums. It is made with two half cylinders (nominal diameter d, height H), the whole rotor turning around a vertical 
axis, as shown in Figure 3a. The movement is mainly the result of the difference between the drag on the advancing 
paddle and the drag on the other one. Although the efficiency of the basic Savonius rotor is relatively low, there are 
a number of geometrical parameters which affect this efficiency [8–10]. Among those parameters, the aspect ratio 
represents the height of the rotor (H) relatively to its diameter (d), this is a very important criteria for the 
aerodynamic performances of a Savonius rotor. Globally, high values of the parameter α=H/d should greatly 
improve this efficiency. Values of α around 4.0 seem to lead to the best power coefficient for a conventional 
Savonius rotor [9]. It is known that end-plates lead to better aerodynamic performances. The influence of the 
diameter Df (see Figure 3a) of these end-plates relatively to the diameter D of the rotor has been experimentally 
studied [11]. The higher value of the power coefficient is obtained for a value of Df around 10% more than D, 
whatever the velocity coefficient. 
The influence of the overlap ratio β=e/d has also been studied [9–11], where e is the overlap (Fig. 3a) and d is the 
diameter of each cylinder constituting the paddles (chord). The best efficiencies are obtained for values of β between 
20 and 30%. It is not necessary to create another separation gap e’ (see Fig. 3a) between the paddles, which would 
consist of removing the chord of the paddles from the diameter of the rotor: on the contrary, the power coefficient 
(Cp) and the torque coefficient (Ct) decrease when the separation gap e’ is superior to zero [9-11].  
Figures 3b and 3c show a redesign, using CAD software, of a Savonius wind turbine respectively single with four 
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paddles and double with two paddles. Figures 3d shows a double Savonius wind turbine with two blades used in [5] 
by Menet and Figure 3e shows a single Savonius wind turbine with two blades used in [6] by Kyozuka. Figure 4 
shows a novel proposed wind turbine designed by G. G. Muscolo and constituted by a combination of simple 
paddles. Table 1 shows dimensional details of Figures 3 and 4a. In the Figure 4a the section of the Bronzinus with 
the dimensional details of the table 2, are shown. Figure 4b shows a first development of the skeleton of the 
prototype using low-cost plastic materials. The skeleton will be covered with a lucid cover allowing the slippage of 
the fluid on paddles. All wind turbines (see Figures 3 and 4) have a height from 610 to 1015 mm and an external 
base diameter from 300 to 445 mm (see tables 1 and 2).  
 
3. Simulations and Discussions 
3.1. Simulations 
The Figure 2b shows the Cp value of different turbine rotors varying the lambda value. The operational field of 
the Savonius rotor is from a lambda value equal to 0 until a value equal to 1.3 and with a maximum of Cp value 
equal to 0.2. In this paper the authors considered only the Savonius operational field of the Figure 2b. In particular, 
wind turbines proposed in [5] and [6] are considered as a start point in our study. The simulation was conducted 
using CFD tool. The authors considered the five wind turbines presented in Figures 3 and 4a. In order to evaluate 
their characteristics, 25 simulations were conducted for each of the five turbines, each simulation for every value of 
the wind speed from 1 until 25 m/s. The simulation tests were conducted considering turbines fixed and varying the 
wind speed. Figures 3 and 4a show the wind speed direction considered in our study. 
Figures 5a and 5b show two comparison graphs among the five turbines of the Figures 3 and 4a. The higher 
power value in simulation, equal to 1591 watt (see Figure 5a), is obtained by the wind turbine proposed by Menet 
[5] with a wind speed of 25 m/s. Considering the similar velocity, the power value of the turbine proposed by 
Kyozuka [6] is at a fourth position (448 watt). The proposed solution by the authors and named Bronzinus is in a 
third position and its value is equal to 542 watt. This is a good result considering that the Bronzinus (see Figure 4) is 
a single wind turbine as the Kyozuka turbine (see Figure 3e), while Menet (see Figure 3d) and Sav_2_mod (see 
Figure 3c) are double turbines. The Savonius rotor of the Figure 3b obtained a power value equal to 385 watt with a 
wind speed of 25 m/s. From the torque point of view, and considering a wind speed equal to 25 m/s, the Bronzinus 
turbine is the second rotor after the Menet rotor as shown in Figure 5b.  
Figures 5c and 5d show respectively the power and the torque graphs for the five rotors varying the speed (rpm) 
of the turbine. It can be seen as the Kyozuka and Bronzinus proposed solutions have the similar behaviour and the 
Savonius has the similar behaviour of the Savonius_2_mod (double savonius, see Figure 3c). Figures 5e and 5f 
show the graphs of the Cp and Ct values varying lambda. In this graphs good Cp and Ct values are noted for the 
Bronzinus turbine respect to the other rotors.  
 
Table 1. Dimensional details of the Figures 3 and 4a. 
Name H [mm] D=Df [mm] α Figure 
Savonius 600 300 4.06 3b 
Sav_2_mod 610 300 4.06 3c 
Menet 1015 445 4.14 3d 
Kyozuka 995 300 6.63 3e 
Bronzinus 710 300 4.73 4 
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                                                              (a)                                                                                           (b)               
 
                                                              (c)                                                                      (d) 
 
(e) 
Figure 3. Savonius Turbines: a) Scheme of a single-step Savonius rotor (front and top view) (conventional Savonius rotor: e’=0); b) single wind 
turbine with four blades. H=610 mm, D=Df= 300 mm, α=4.06. Indicated in the paper as Savonius; c) double wind turbine with two blades, 
classical solution: H=610 mm, D=Df= 300 mm, α=4.06. Indicated in the paper as Sav_2_mod; d) double wind turbine with two blades, Menet’s 
solution [1]: H=1015 mm, D=Df= 445 mm, α=4.14. Indicated in the paper as Menet; e) single wind turbine with two blades, Kyozuka’s solution 
[2]: H=995 mm, D=Df= 300 mm, α=6.63. Indicated in the paper as Kyozuka. 
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(a)                                                                                                                        (b) 
Figure 4. Bronzinus single wind turbine with four blades. a) Bronzinus’s solution: H=710 mm; D=Df= 300 mm; α=4,73. Indicated in the paper as 
Bronzinus. b) Skeleton of the Bronzinus turbine, first prototype without lucid cover. 
 
Table 2. Dimensional details of the Bronzinus turbine shown in the Figure 4a. 
Paddles Radius [mm] Angle [◦] Length of the cord [mm] Length of the arc [mm] Center of the arc (x; y) [mm] 
1 75 120 130 157 113.1; 65.3 
2 77.5 120 131 158 113.1; 65.3 
3 72.5 120 123.4 147.6 75; 0 
4 75 120 130 157 75; 0 
 
 
3.2. Discussions 
The Cp value of the Bronzinus is higher respect to the Cp value of the Savonius and Kyozuka turbines as can be 
seen in Figure 5e. A similar consideration can be doing considering the Ct value (see Figure 5f). Two types of 
turbines can be classified: single (Bronzinus, Kyozuka and Savonius) and double (Menet and Savonius_2_mod) 
turbines. The single turbines have a Cp value from 0,15 (Kyozuka) to 0,25 (Bronzinus) and a Ct value from 0,14 
(Kyozuka) to 0,22 (Bronzinus); the Savonius has a middle Cp value of 0,2 and Ct value of 0,15. Before a lambda 
value of 1,5 the Cp and Ct values obtained by the Bronzinus turbine are higher also respect to the double Menet 
(Figure 3d) and Sav_2_mod (Figure 3c) turbines. These good results allow to continue research and to optimise the 
Bronzinus turbine in order to evaluate the possibility to consider a double Bronzinus rotor that can be overlaps the 
double turbine values obtained in Figures 5e and 5f for a lambda value major of 1,5.  
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(a)                                                                                                    (b) 
 
(c)                                                                                                    (d) 
 
(e)                                                                                                    (f) 
Figure 5. Graphs for the five wind turbines: Savonius (Fig. 3b), Sav_2_mod (Fig. 3c), Menet (Fig. 3d), Kyozuka (Fig. 3e), Bronzinus (Fig. 4). 
Power P [watt] (a) and of the torque M [Nm] (b) functions of the wind speed v[m/s]; power P [watt] (c) and of the torque M [Nm] (d) function of 
the rpm ; Coefficient of power Cp (e) and Coefficient of torque Ct (f) function of the lambda value. 
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Conclusions and Future Works 
The assessment of renewable energy sources in the Arab States confirms that these sources have the potential to 
provide much of the energy needs [1]. To develop this potential, countries would have to commit to the development 
and implementation of renewable energy technologies and energy conservation. Governmental, educational, and 
professional bodies should play a greater coordinated role in developing various combinations of renewable 
technologies consistent with the characteristics of the different countries and for dissemination of these appropriate 
options. In this perspective the Humanot Company in collaboration with University of Genova and private Lebanese 
buildings constructors would like to solve energy problems in Lebanon helping in design and developing novel 
personal vertical wind turbines and implementing these in private Lebanese buildings. The proposed research is a 
first step research. Future works are oriented to optimise Bronzinus with a double Bronzinus and to implement it in 
Lebanese buildings. In particular, an implementation on Lebanese buildings sited in Bekaa district (see Figure 1) is 
planned for the next future. 
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